Impaired regulation of blood glucose levels in diabetes mellitus (DM) patients and the associated elevation of blood glucose levels are known to increase the risk of diabetic cardiomyopathy (DC). In the present study, a probiotic bacterium, Lactobacillus reuteri GMN-32, was evaluated for its potential to reduce blood glucose levels and to provide protection against DC risks in streptozotocin (STZ)-induced DM rats. The blood glucose levels of the STZ-induced DM rats when treated with L. reuteri GMN-32 decreased from 4480 to 3620 mg/l (with 10 7 colony-forming units (cfu)/d) and 3040 mg/l (with 10 9 cfu/d). Probiotic treatment also reduced the changes in the heart caused by the effects of DM. Furthermore, the Fas/Fas-associated protein with death domain pathway-induced caspase 8-mediated apoptosis that was observed in the cardiomyocytes of the STZ-induced DM rats was also found to be controlled in the probiotic-treated rats. The results highlight that L. reuteri GMN-32 treatment reduces blood glucose levels, inhibits caspase 8-mediated apoptosis and promotes cardiac function in DM rats as observed from their ejection fraction and fractional shortening values. In conclusion, the administration of L. reuteri GMN-32 probiotics can regulate blood glucose levels, protect cardiomyocytes and prevent DC in DM rats.
Diabetes mellitus (DM) is a metabolic disease characterised by chronic hyperglycaemia and is one of the most common chronic diseases in almost all countries, caused either by defects in insulin secretion and insulin action or by defects in both (1) . The increase in the number of type 2 DM (T2DM) patients can be attributed to a change in their routines such as reduced physical activity or exercise. The incidence of T2DM has been increasing globally for decades and has consumed, and will continue to do so, a vast amount of medical resources; the expenditure is predicted to increase up to 300 million US dollars worldwide by 2025 (2) . The complications of T2DM lead to both a large personal burden and socio-economic cost. CHD and diabetic cardiomyopathy (DC), in particular, are the major causes of morbidity and mortality associated with diabetes. According to previous reports, diabetic patients have a 5-fold increased risk of developing CHD (3, 4) . Several mechanisms such as dyslipidaemia, glycosylation product accumulation and insulin resistance have been indicated to contribute to endothelial dysfunction in T2DM (5) .
As high blood glucose levels are one of the leading causes of cardiomyopathy, an efficient blood glucose control strategy is crucial for effective cardioprotection. Currently, insulin injection
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is a routinely practised clinical prescription, but insulin shock is a serious side effect that has to be considered before it is prescribed (6) . The members of lactobacilli and bifidobacteria are extensively being used for the development of novel biotherapeutic probiotic formulations for the management of several diseases. The effects of probiotics on various gut-related diseases have been investigated extensively in several in vitro and in vivo experiments and in human clinical trials (7) (8) (9) . Probiotic treatment destroys b-cells in the islets of Langerhans in type 1 DM mouse models and decreases insulin levels and improves insulin-binding potential in T2DM mouse models (10, 11) . However, the prospects of probiotic application in the management of lifestyle diseases, particularly diabetes, obesity and CVD, have not been explored extensively (12) . Lactobacillus rhamnosus GG has been reported to be a probiotic bacterium that improves insulin sensitivity in mice by promoting the transcription of GLUT4 and augmenting the activation of AMP kinase in skeletal muscles and adipose tissues (13) . In streptozotocin (STZ)-induced DM animal models, left ventricular (LV) systolic dysfunction and diastolic dysfunction have been reported to develop after 12 weeks of induction (14) . However, treatment with a probiotic bacterium, Lactobacillus reuteri GMNL-263, has been reported to reduce glycated Hb levels and blood glucose levels in STZ-induced diabetes rats (15) . Dahi, a fermented milk product containing Lactobacillus acidophilus NCDC14 and L. casei NCDC19, has been reported to decrease blood glucose levels in fructose-induced diabetes rats and to suppress STZ-induced oxidative damage in pancreatic tissues of DM rats (16) . Similarly, probiotic pre-treatment with a mixture of L. acidophilus, Bifidobacterium lactis and L. rhamnosus has been reported to reduce blood glucose levels and further improve the bioavailability of gliclazide, a sulphonylurea drug used to treat T2DM in alloxan-induced diabetes rats (12, 17) . The probiotic administration of Lactobacillus plantarum DSM 15 313 and L. reuteri GMNL-263 has been reported to lower blood glucose and glycosylated Hb levels, respectively, in high-fat diet-fed mice and STZ-induced diabetes rats (15, 18) . The Fas ligand-or TNF-a-dependent (type I) apoptotic pathway is one of the major pathways triggering cardiac apoptosis (19) . Upon binding of the Fas ligand, the Fas receptor, a transmembrane receptor of the TNF receptor superfamily, recruits the Fas-associated protein with death domain (FADD) to bind to the death domain of Fas along with procaspase 8 to form the death-inducing signalling complex and trigger apoptosis (19) . In our previous work in DM rats, the Fas/ Fas ligand-induced apoptotic pathway, which involves the cleavage and activation of caspase 8, was found to induce apoptosis in cardiomyocytes and cause serious cardiac damage (19 -21) . Herein, we report on an effective probiotic bacterial strain, L. reuteri GMN-32, and its protective effects on diabetes-related cardiomyopathy in STZ-induced diabetes rats.
Materials and methods

Preparation of bacterial suspensions
L. reuteri GMN-32 was provided by GenMont Biotech, Inc., and two different doses, 10 7 colony-forming units (cfu)/ml and 10 9 cfu/ml, of L. reuteri GMN-32 were prepared in PBS for oral administration to rats.
Animal model
All Sprague -Dawley rats were purchased from BioLASCO Taiwan Company Limited and separated into four groups (n 6 each). Group I consisted of control rats, group II consisted of STZ-induced DM rats, and groups III and IV consisted of STZinduced DM rats treated with 10 7 cfu/ml per d and 10 9 cfu/ml per d of L. reuteri GMN-32, respectively. An ambient temperature was maintained at 22 -248C, and the rats were kept under an artificial 12 h light -12 h dark cycle. The light period began at 07.00 hours. The rats were provided with standard laboratory chow (Lab Diet 5001; PMI Nutrition International) and water ad libitum. All the rats were allowed to adapt to the environment for 3 weeks, and echocardiography was carried out on the test rats 2 d before STZ injection. After allowing the rats to fast for 24 h, DM was induced by administering a single intraperitoneal injection of STZ (50 mg/kg body weight) dissolved in 10 mM-sodium citrate, pH 7·0. The blood glucose levels of the rats were determined after 3 d of induction, and after an additional 3 d, probiotics were administered to the rats for the next 30 d. The blood glucose levels of the STZinjected rats were monitored every day. After 30 d of probiotic oral administration, cardiac function was examined using echocardiography, and blood glucose levels were also determined. The rats were then killed, and their hearts were dissected and stored at 2808C until analysis. All protocols were reviewed and approved by the Institutional Review Board and the Animal Care and Use Committee of the China Medical University, Taichung, Republic of China, and the study was conducted in accordance with the Principles of Laboratory Animal Care (22) .
Haematoxylin and eosin staining
The hearts of the test rats were excised, soaked in formalin, dehydrated in graded alcohol (100, 95 and 75 %) and embedded in paraffin wax. The paraffin-embedded tissue blocks were cut into 0·2 mm-thick sections and deparaffinised by immersion in xylene. The slices were stained with haematoxylin and eosin and rinsed with water. Each slide was dehydrated using graded alcohol and rinsed twice in xylene. Photomicrographs were obtained using a Zeiss Axiophot microscope (Carl Zeiss Microscopy).
4,6-Diamidino-2-phenylindole staining and terminal deoxynucleotidyl transferase 2'-deoxyuridine 5'-triphosphate (dUTP)-mediated nick-end labelling assay The sections were also stained with 0·1 mg/ml of 4,6-diamidino-2-phenylindole for 5 min, and the nuclei were detected by UV light microscopy at 454 nm. Photomicrographs were obtained using a Zeiss Axiophot microscope.
Tissue protein extraction
The cardiac tissue extracts of the rats were obtained by homogenising the LV samples in a lysis buffer (100 mg/ml). The homogenates were placed on ice and then centrifuged at 12 000 g for 40 min. The supernatants were collected and stored at 2 808C for use in further experiments.
Western blot analysis
The protein concentrations of the cardiac tissue extracts were determined using Lowry's protein assay method. Protein samples were separated by 12 % SDS-PAGE with a constant supply of 75 V. The proteins were then transferred onto polyvinylidene difluoride (GE Healthcare Life Sciences) membranes using 50 V current for 3 h. The membranes were incubated in 3 % bovine serum albumin in Tris-buffered saline (TBS) buffer followed by incubation with primary antibodies to specific proteins (Santa Cruz Biotechnology). Horseradish peroxidase-labelled secondary antibodies were used for detection, and pictures were taken with Fujifilm LAS-3000 (GE Healthcare Life Sciences).
Echocardiography
M-mode echocardiographic examinations were conducted using a 6-15 MHz linear transducer (15-6 L) via a parasternal long-axis approach. LV M-mode measurements at the level of the papillary muscles included LV internal end-diastolic dimensions, LV internal end-systolic dimensions, interventricular septum, posterior wall thicknesses, ejection fraction (EF) and fractional shortening (FS). EF (%) was calculated using the following equation:
where EDV is the end-diastolic volume and ESV is the endsystolic volume. FS (%) was calculated using the following equation:
Statistical analysis
The results are reported as means and standard deviations of three independent experiments. Statistical analysis was performed using one-way ANOVA. For paired samples, Student's t test was used.
Results
Physiological features
The average body weight and blood glucose levels of the control group rats during the 30 d experiment were 346·1 (SD 50·5) g and 1068 (SD 74) mg/l, respectively. The average body weight of the STZ-induced DM rats was 269·33 (SD 46·1) g (22·18 % lower than that of the control group rats), and the average blood glucose level was 4472 (SD 334) mg/l (4·1-fold higher than that of the control group rats). The average body weight of rats treated with low-dose L. reuteri GMN-32 (10 7 cfu/d) was 266·9 (SD 15) g, which was comparable with that of the DM rats, but their blood glucose levels were 3617 (SD 247) mg/l (19·1 % lower than those of the DM rats). However, the average body weight of rats treated with high-dose L. reuteri GMN-32 (10 9 cfu/d) was 300·83 (SD 5·4) g (11·7 % higher than that of the DM rats), and the average blood glucose level was 3040 (SD 434) mg/l (32 % lower than that of the DM rats). From these results, it can be inferred that probiotic treatment can prevent the detrimental effects on the physiological features of DM rats.
Cardiac echocardiography
After 30 d of probiotic administration, heart EF (Teich) and FS were determined using cardiac echocardiography. The average EF (Teich) of the control group rats was 78·7 (SD 5·7) % and the average FS was 42·9 (SD 5·5) % ( Table 1 ). The average EF (Teich) of the STZ-induced DM rats was 69·38 (SD 4) % (9·4 % lower than that of the control group rats), and the average FS was 34·7 (SD 3) % (8·2 % lower than that of the control group rats). The average EF (Teich) of the L. reuteri GMN-32 (10 7 cfu/d)-treated rats was 73·3 (SD 8·9) % (3·9 % higher than that of the DM rats), and the average FS was 38·3 (SD 3) % (3·62 % higher than that of the DM rats). The average EF (Teich) of the L. reuteri GMN-32 (10 9 cfu/d)-treated rats was 73·3 (SD 8·9) % (1·83 % higher than that of the DM rats), EF, ejection fraction; FS, fractional shortening; EDV, end-diastolic volume; ESV, end-systolic volume. Mean values were significantly different from those of the control group: *P,0·05, **P, 0·01. † † Mean values were significantly different from those of the diabetes mellitus group (P, 0·01). ‡ EF (%) was calculated using (EDV 2 ESV)/EDV £ 100. § FS (%) was calculated using (left ventricular internal end-diastolic dimensions 2 left ventricular internal end-systolic dimensions)/left ventricular internal end-diastolic dimensions £ 100.
and the average FS was 36·5 (SD 2·9) % (1·8 % higher than that of the DM rats).
Cardiac characteristics
The prominent cardiac characteristics of the DM rats deteriorated significantly when compared with those of the control rats, but in the L. reuteri GMN-32-administered rat groups, the cardiac characteristics were found to remain relatively stable. The whole-heart weight (g) and LV weight (g) compared with the respective tibia lengths (mm) in the L. reuteri GMN-32-administered DM rat groups were higher than those in the DM rats. The whole-heart weight:tibia length ( £ 10 3 , g/mm) of the control rats, DM rats and low-dose and high-dose L. reuteri GMN-32-administered DM rats were 25·8, 21·8, 22·5 and 23·5, respectively, and the LV weight:tibia length values were 18·4, 15·2, 15·9 and 16·6, respectively (Table 2) .
Heart biopsy
Haematoxylin and eosin staining of the cardiac tissue sections of the STZ-induced DM rats showed that the arrangement of the cardiomyocytes was disordered (Fig. 1) . The arrangement of the cardiomyocytes of the L. reuteri GMN-32 (10 7 cfu/d)-treated rats was more ordered than that of the DM rats and was similar to that of the control group rats.
Protein analysis
The expression levels of crucial heart proteins were examined by Western blot analysis of the cardiac tissue extracts. As indicated by the results, the expression levels of the Fas protein and the downstream protein FADD in the hearts of the STZ-induced DM rats were much higher than those in the hearts of the control group rats (Fig. 2(a) ). The expression levels of Fas/FADD were also correlated with a corresponding increase in the levels of active cleaved caspase 8 in the hearts of the DM rats. The expression levels of Fas, FADD and caspase 8 in the hearts of the L. reuteri GMN-32 (10 7 cfu/d)-treated rats were found to be lower than those in the hearts of the DM rats. In the hearts of rats treated with a higher dose of L. reuteri GMN-32 (10 9 cfu/d), the expression levels of Fas, FADD and caspase 8 were further reduced, and those of Fas and caspase 8 were very similar to the levels in the hearts of the control group rats. Further analysis of the expression ratios showed that L. reuteri GMN-32 treatment controlled the expression of Fas, FADD and caspase 8 proteins in the hearts of the rats in a dose-dependent manner (Fig. 2(b) -(d) ). The ratio of pro-caspase 8:cleaved caspase 8 increased from 1·9 (SD 0·05) in the control rats to 2·4 (SD 0·4) in the DM rats, but the ratios for the hearts of the low-dose and high-dose L. reuteri GMN-32-treated rat groups were 2·1 (SD 0·4) and 1·5 (SD 0·3), respectively, indicating a dose-dependent control of the activation of caspase 8 in the treatment groups.
Nucleic acid staining
The nuclei of cardiomyocytes were stained in blue with 4,6-diamidino-2-phenylindole, and specific DNA fragments resulting from caspase 8-mediated apoptosis were stained in green in the TUNEL assay. The 4,6-diamidino-2-phenylindole/ TUNEL dual stain showed a higher (7·6-fold higher than that in the control group) number of apoptotic cell nuclei in the cardiac tissue sections of the STZ-induced DM rats (Fig. 3(a) ). The cardiac tissue sections of rats treated with L. reuteri GMN-32 for 30 d had fewer apoptotic cell nuclei than those of rats that were not treated. The results showed that the treatment with the probiotic bacteria L. reuteri GMN-32 significantly reduced cardiac apoptosis that was found to occur in the STZ-induced DM rats.
Discussion
Recent studies have shown that probiotics exhibit various biological activities, including anti-inflammatory, anticancer and antioxidant potential activities (23) . Lactic acid bacteria, in particular, are known to reduce blood glucose levels and decrease the complications of diabetes. Lactobacilli have also been reported to provide long-term cardioprotection against ischaemia and diabetes-induced apoptosis (19, 24) .
The STZ-induced diabetes animal model exhibits many of the pathophysiological deficits observed in diabetic humans, such as hypoinsulinaemia, hyperglycaemia, cardiac hypertrophy, cardiomyopathy, cardiovascular dysfunction and heart failure (25 -27) .
In the present study, blood glucose levels in 4-week-old STZ-induced DM rats increased to 4470 mg/l (four times higher than those in the normal group rats), and the rats lost 22 % of their body weight after induction. Body-weight loss is a common phenomenon in DM patients caused by imbalances in carbohydrate metabolism (28) . In a healthy rat, the percentage value of EF is greater than 70 and the FS value is greater than 40, and in a healthy human, the percentage value of EF is greater than 55 and the FS value is greater than 30 (29 -32) . If the EF or FS value is below the normal range, conditions of heart dysfunction arise. A decrease in the values of EF (%) to 9·4 and in those of FS (%) to 8·2 reveals the occurrence of heart dysfunction in STZ-induced DM rats. In the present study, heart dysfunction was also accompanied by a deterioration of cardiac characteristics such as the wholeheart weight and the LV weight, demonstrating the occurrence of DC in the DM rats. However, treatment with a high dose of L. reuteri GMN-32 (10 9 cfu/d) controlled the blood glucose levels at 3040 mg/l and maintained the body weight at 300·8 g in the STZ-induced DM rats. Furthermore, EF and FS values were above 70 and 36 %, respectively (Table 1) . Whole-heart weight and LV weight measurements of the L. reuteri GMN-32-treated DM rats indicated these rats to have comparatively healthier hearts compared with the treatment group rats. Furthermore, biopsy by haematoxylin and eosin staining analysis did not show any differences in the hearts of the L. reuteri GMN-32-treated rats and control rats (Fig. 1) . Therefore, the administration of L. reuteri GMN-32 is found to provide cardioprotection against DC in DM rats. Normal blood glucose levels in healthy rats and humans are below 1000 mg/l (33) . The average blood glucose level in the STZ-induced DM rats was found to be above 4470 mg/l, and L. reuteri GMN-32 treatment reduced the level to 3040 mg/l. Although blood glucose levels were not reduced to normal levels after L. reuteri GMN-32 treatment, the symptoms of DC syndrome were reduced. Thus, it can be interpreted that the risk of DC increases only when the blood glucose level rises above 3000 mg/l, and, therefore, control of blood glucose levels is critical in DM patients (34) . Diabetes is a strong risk factor for the development of cardiac hypertrophy, cavity dilation and heart failure in humans. The characteristic features of chronic heart failure include the progressive deterioration of LV function and the loss of cardiomyocytes via apoptosis or necrosis. Previous reports have shown that diabetes increases the apoptosis of cardiomyocytes in human hearts by 85-fold and causes a 30 % reduction in heart weight in rats (35) . In our earlier studies, the activation of the cleavage of caspase 8 and apoptosis of cardiomyocytes by the Fas/FADD pathway was found to be the major cause of heart dysfunction (19, 20, 21) . Herein, we emphasise the same phenomenon with experiments carried out on the hearts of DM rats by evaluating the expression levels of the respective proteins (Fig. 2) . Interestingly, cardiomyopathy-related symptoms were more noticeable after 12 weeks of induction in the STZ-induced DM experimental models used by Akula et al. (14) . The Fas/FADD-induced caspase 8 cleavage and activation were significantly regulated with high-dose (10 9 cfu/d) and low-dose (10 7 cfu/d) L. reuteri GMN-32 treatments. However, biopsy analysis of the hearts of the STZ-induced DM rats showed a dose-dependent recovery after L. reuteri GMN-32 treatment (Fig. 1) . Furthermore, the TUNEL/4,6-diamidino-2-phenylindole nucleic acid staining analysis showed that L. reuteri GMN-32 treatment decreased the incidence of apoptosis in cardiomyocytes (Fig. 3) . The results showed that L. reuteri GMN-32 treatment reduced the blood glucose levels and thereby inhibited the Fas/FADD-mediated apoptotic pathway and prevented cardiomyopathy in DM rats. The mechanism of L. reuteri GMN-32-mediated blood glucose control in DM rats needs to be investigated further with additional experiments. Diabetes is influenced by multiple factors, such as metabolism, oxidative stress, immune system and endocrine dysfunction (36, 37) . Therefore, the detrimental effects of STZinduced diabetes and the protective effects of probiotic administration on cardiac changes cannot be attributed to one specific factor or any specific system, but to the direct or indirect regulation of various factors such as hyperglycaemia, oxidative stress, inflammation, and other unknown yet interacting factors.
In conclusion, because the results indicate that the administration of L. reuteri GMN-32 regulates blood glucose levels in DM rats to a reasonable threshold and reduces the DC risk, L. reuteri GMN-32 probiotic-assisted treatment can also potentially be used with other common treatments to control blood glucose levels in DM patients.
